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Serotonin [5-hydroxytryptamine (5-HT)]-mediated car-
diac valvular disease has been commonly observed in
patients with carcinoid tumors. Previous research by
others using reverse transcriptase-polymerase chain re-
action demonstrated that aortic valve cells expressed
predominantly 5-HT2A/2B receptors (5-HT2AR). Related
investigations by our group using sheep aortic valve
interstitial cell (SAVIC) cultures demonstrated that 5-HT
both up-regulates transforming growth factor (TGF)-�1
expression and activity, and also results in increased
phospholipase C (PLC) activity. Thus, the present study
investigated the hypothesis that the 5-HT signaling path-
way in SAVICs involves 5-HT2Rs with associated G-pro-
tein signal transduction. The objectives were to func-
tionally characterize in SAVIC cultures the native
serotonin receptor subtypes using specific agonists and
antagonists, and to delineate the serotonin-signaling
pathway. 5-HT administration caused a marked stimu-
lation of PLC activity. SAVIC studies of specific agents
that target the 5-HT2R subtypes indicate that this
response seemed to be mediated predominantly by
5-HT2ARs. Furthermore, the sheep 5-HT2AR was identi-
fied by reverse transcriptase-polymerase chain reaction
with sequence confirmation including comparisons to
pig and human 5-HT2AR. Extracellular signal-regulated
kinase (Erk 1/2) is a signaling molecule downstream
from the 5-HT2AR. Both a protein kinase C inhibitor,
GF109203X, and a Src inhibitor, PP1, attenuated 5-HT-
stimulated Erk 1/2 activation. However, a 5-HT2AR an-
tagonist, MDL 100907, inhibited 5-HT up-regulation of
PLC and TGF-�1, while having far less pronounced ef-
fects on Erk 1/2. In conclusion, these studies of the
signal transduction activity of SAVICs in response to
5-HT have demonstrated that the 5-HT2ARs are the most

functionally active of the 5-HT2Rs in this cell type. Fur-
thermore, 5-HT2ARs are also involved in 5-HT up-regu-
lation of active TGF-�. 5-HT also mediated strong Erk 1/2
signaling via the MAP-kinase pathway, which was only
in part because of 5-HT2AR activity. Thus, major 5-HT
Erk 1/2 signaling beyond that controlled by 5-HT2Rs
must involve other serotonin receptor types and/or
secondary signaling events. (Am J Pathol 2002,
161:2209–2218)

Heart valve fibroplasia has been commonly seen in as-
sociation with carcinoid tumors because of 5-HT secre-
tion, or in association with ergotamine-induced valve dis-
ease.1–3 Ultrastructural studies demonstrated that
carcinoid-associated fibroplasia, which grossly consists
of plaque-like endocardial thickenings, is composed of
fibroblasts or myofibroblasts and a fibrous stroma, en-
riched in collagen, acid mucopolysaccharides, and mi-
crofibrils, but devoid of elastic fibers.1,4 Previous exper-
imental studies have also shown that serotonin can
stimulate collagen synthesis in human valve interstitial
cells.5 Studies by our group have demonstrated that 5-HT
up-regulates transforming growth factor (TGF)-�1 in
sheep aortic valve interstitial cells (SAVICs) in culture;6

these investigations have also provided indirect evidence
that this up-regulation may occur through G-protein sig-
nal transduction. However, the mechanism of 5-HT-me-
diated cardiac valve disease is incompletely understood.

5-HT receptor expression in heart valves or their inter-
stitial cells has been the subject of several recent inves-
tigations.7,8 A total of 15 serotonin receptor subtypes
have been discovered to date, and they may be subdi-
vided further into seven subfamilies. All serotonin recep-
tors, except for 5-HT3, belong to the superfamily of G-
protein-coupled receptors. Previous studies have
reported that 5-HT1B/1C and 5-HT2A/2BR subtypes are
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expressed in aortic valve cells from human, porcine, as
well as canine aortic valves.7,8 Thus, in view of the well-
established association of 5-HT with carcinoid cardiac
valvulopathy, and the possibility of involvement of estab-
lished receptor signaling pathways, we sought to care-
fully characterize 5-HT signaling in aortic valve interstitial
cells (AVICs) with a long-term view toward both anticipat-
ing potential problems with serotonergic agents and the
possibility of innovative therapies for heart valve disease.
In the present studies, we investigated the hypothesis
that our previous observation of 5-HT up-regulation of
TGF-�1 in SAVICs is because of 5-HT2R activity with
associated G-protein signal transduction. Thus, we
sought to functionally identify and characterize the
5-HT2R subtype(s) in SAVICs. 5-HT2R-mediated signal-
ing pathways have been extensively studied in many cell
types, such as mesangial cells, fibroblasts, and neu-
rons.9–11 However, no studies of this nature have been
performed with valvular interstitial cells. Therefore, our
study also sought to characterize the signaling pathway
for the SAVIC 5-HT2R.

Materials and Methods

Materials

Cell culture media consisting of M199 and Dulbecco’s
modified Eagle’s medium supplemented with penicillin,
streptomycin, and fetal calf serum were all from Life
Technologies, Inc. (Rockville, MD). Serotonin was ob-
tained from Sigma (St. Louis, MO). Phospholipase C
(PLC) inhibitor (U73122), protein kinase C (PKC) inhibitor
(GF 109203X), Src-family tyrosine kinase inhibitor (PP1),
and MEK inhibitors (PD98059 and U0126) were from
BioMol (Plymouth Meeting, PA). Western analysis appa-
ratus, precast gels, and polyvinylidene difluoride mem-
branes were from BioRad (Hercules, CA). Phospho-spe-
cific-p44/42 mitogen-activated protein kinase E-10
monoclonal antibody was purchased from New England
Biolabs (Beverly, MA) and nonphospho-specific-p44/42
mitogen-activated protein kinase polyclonal antibody
was from Santa Cruz Biotechnology (Santa Cruz, CA).
Selective 5-HT2R antagonists/agonist (antagonists, MDL
100907, SB 242084, SB 206553, and the agonist, BW
723C86) were provided by Wyeth-Ayerst (Princeton, NJ).
A replication defective adenovirus construct for overex-
pression of G�q under the control of the cytomegalovirus
promoter (AdCMV-G�q) was provided by Dr. Morris Birn-
baum (University of Pennsylvania School of Medicine,
Philadelphia, PA), and was used as previously described
by our group;6 a green fluorescent protein (GFP) adeno-
virus, AdCMV-GFP, was used as a control.6 Dr. Quanyi Li
(Children’s Hospital of Philadelphia) provided cDNA ob-
tained from AVICs cultivated from a human aortic valve
specimen that was removed from a 2-year-old male heart
transplant patient with congenital aortic valve stenosis
and a ventricular septal defect.

Isolation and Cultivation of SAVICs

Sheep aortic valves were obtained from female sheep,
age 6 months to 2 years at the time of sacrifice as
approved by Institutional Committee for the Use and Care
of Animals (IACUC) of Children’s Hospital of Philadelphia.
Aortic valve leaflets were dissected and the endothelial
cell layer was removed. The remaining tissues were cut
by gentle rolling of the scalpel blade and were collected
in a 15-ml Falcon tube containing 0.1% type I collage-
nase in M199 for incubation at 37°C for at least an hour
with occasional vortex. Cells were then washed once and
placed into culture plates in M199 supplemented with
10% fetal bovine serum, 2 mmol/L L-glutamine, 100 U/ml
penicillin, and 100 �g/ml streptomycin. Cells were pas-
saged using 0.25% trypsin in 1 mmol/L ethylenediami-
netetraacetic acid (Invitrogen, Carlsbad, CA) and used
from passages 3 to 9.

PLC Assay

PLC activity was determined by a modification of the
method from Berridge and colleagues.12 Briefly, cultured
SAVICs in 6-well plates (3.5 � 105 to 4.5 � 105 cells per
well) were labeled with myo-[3H] inositol (2.5 �Ci/ml) for 24
hours in inositol-free Dulbecco’s modified Eagle’s medium
supplemented with 0.5% fetal bovine serum. After washing,
cells were incubated in Dulbecco’s modified Eagle’s me-
dium (with 15 mmol/L LiCl) with or without various agonists
or antagonists or combinations of both for 30 minutes to 1
hour unless otherwise indicated. Cell membranes (inositol-
enriched region) were extracted using chloroform/metha-
nol/HCl (1:2:0.05, by volume). Inositol 1-phosphate (InsP1),
inositol 1,4-bisphosphate [Ins(1,4)P2], and inositol 1,4,5-
triphosphate [Ins(1,4,5)P3] were eluted sequentially into
scintillation vials with 0.2 mol/L ammonium formate/0.1
mol/L formic acid, 0.6 mol/L ammonium formate/0.1 mol/L
formic acid, and 1.0 mol/L ammonium formate/0.1 mol/L
formic acid, respectively, on an anion-exchange column
(AG1X8 resin, formate form). Radioactivity was determined
on a Beckman scintillation counter (LS-3801; Beckman,
Irvine, CA). Triplicate wells were used in every applicable
control or treatment. At least three independent experi-
ments were performed for each treatment.

A luciferase assay for TGF-� activity was performed
using mink lung epithelial cells provided as a gift by Dr.
D.B. Rifkin (New York University), that were stably trans-
fected with a portion of the plasminogen activator inhib-
itor 1 promoter.13 Equal numbers of quiescent SAVICs
(�4 � 105 cells) cultivated on collagen-coated six-well
plates were treated with 10 �mol/L of 5-HT for 24 to 72
hours. After incubation, medium (test sample) was col-
lected, centrifuged, and assayed for TGF-�1 activity by
PAI/L assay, as described by Abe and colleagues.14

Mink lung epithelial cells were cultivated in the presence
of test samples for 14 hours at 37°C to assay luciferase
activity for active, and separately, total TGF-� activity
(after heating at 80°C for 5 minutes).13
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RNA Isolation

Confluent interstitial cells were trypsinized and homoge-
nized. Total cellular RNA was extracted using a TRIzol
extraction kit (Life Technologies, Inc.), according to the
manufacturer’s instructions. The RNA concentration was
quantitated by absorbance at 260 nm. The integrity was
assessed by electrophoresis of 1 �g on an ethidium
bromide-stained, formaldehyde-agarose minigel.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) and Sequence

Using �1 �g of total RNA, reverse transcription was
performed with primer oligo-dT and reverse transcriptase
(SuperScript First-Strand Synthesis System for RT-PCR
kit, Life Technologies, Inc.). Because the full-length
cDNA sequence of sheep serotonin receptor is not
known, receptor sequences from several other species
(human, mouse, and porcine) were compared and a
consensus sequence was chosen for PCR primer design.
Forward and reverse primers were designed for 5-HT1A

(GACGGTCAAAAAGGTGGAGA, GCAGAAGGGCAG-
AACAAGAGCC), 5-HT2A (CAGTCCATCAGCAATGAG-
CAAA, CTGAGCCTGAATATACCGTGAA) and 5-HT2B

(CCATCATGCATCTCTGTGCCATTTC, CCATCCAG-
CATYRCCAYCTTTTC). RT-PCR results were assessed
by electrophoresis of the PCR product on ethidium
bromide-stained, 1.5% agarose minigel. The expected
band was excised. After cDNA extraction from the gel
(Gel Extraction Kit; Qiagen, GmbH, Germany), the PCR
product was sequenced using standard dideoxy meth-
odologies. The information obtained from the sequenc-
ing was compared to other genes from the GenBank
using the GCG (Genetics Computer Group) Wisconsin
Package (Accelrys, San Diego, CA).

Immunoblot Analysis of Phosphorylated
Extracellular Signal-Related Kinase (Erk) 1/2
Activity

Seventy to eighty percent confluent SAVICs were made
quiescent by incubation in serum-free M199 overnight.
Growth-arrested cells were incubated with or without 10
�mol/L of serotonin for 5 minutes unless otherwise indi-
cated. When selective inhibitors were applied, they were
added 30 minutes before the application of serotonin.
SAVIC cellular protein was extracted in lysis buffer con-
taining 0.1 mol/L Tris-HCL (pH 8.1), 1% Triton X-114, 10
mmol/L ethylenediaminetetraacetic acid, 0.2 mmol/L so-
dium orthovanadate, and a mixture of protease inhibitors
(Complete Protease Inhibitor Cocktail Tablets; Boehr-
inger Mannheim, GmbH, Mannheim, Germany) and pro-
tein concentration was determined by the Bradford meth-
od15 according to the instructions of the manufacturer
(BioRad). Ten to 20 �g of total protein from each sample
was subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis precast gels and then transferred to a
polyvinylidene difluoride membrane (BioRad). The mem-

brane was probed with phospho-specific Erk 1/2 anti-
body (p-p44/42, New England Biolabs) or with a non-
phospho-specific Erk 1/2 antibody (p44/42, Santa Cruz
Technology).

Statistical Analysis

All values in the text and figures are presented as
mean � SE of three or more independent experiments.
Results were analyzed with one-way analysis of variance
followed by post test (Tukey-Kramer multiple compari-
sons test) or Student’s t-test. A value of P � 0.01 was
considered statistically significant.

Results

Serotonin Stimulates PLC Activity

PLC activity in cultured SAVICs is induced by serotonin in
a dose-dependent (Figure 1A) and time-dependent (Fig-
ure 1B) manner. The effects of serotonin on PLC activity
were continuously and significantly increased at 1 �mol/L
and greater concentrations when serotonin was added to
SAVICs for 30 minutes (Figure 1A). PLC activity, while
maintaining basal levels (control) at 1 or 5 minutes, was
significantly increased after 15 minutes of 10 �mol/L of
serotonin exposure. This activity increase was sustained
at the longer duration serotonin exposure times (30 and
60 minutes) (Figure 1B). To confirm the specificity of
serotonin-stimulated PLC activity, the PLC inhibitor
U73122 was used (Figure 1C). U73122 abrogated the
serotonin-induced PLC activation. U73122 alone did not
change the basal level expression of PLC activity. These
data demonstrated the direct association between sero-
tonin and increased PLC activity.

The 5-HT2AR Is the Major Serotonin Receptor
Subtype in SAVICs

Based on studies with receptor subtype-selective antag-
onists and agonist, the response of serotonin-stimulated
PLC activity appeared to be mediated exclusively by
5-HT2ARs. MDL 100907,13,16 a selective 5-HT2AR antag-
onist, was able to block completely the serotonin-stimu-
lated PLC activity in a dose-dependent manner (Figure
2A). This decrease was significant (P � 0.01) when com-
pared to PLC activity stimulated by serotonin even at the
lowest dose (0.1 nmol/L) of MDL 100907 tested. How-
ever, SB 242084,17 a selective antagonist for 5-HT2CR
(Figure 2B), did not inhibit the serotonin-stimulated PLC
activity at any of the concentrations tested. Similarly, SB
206553,18 a selective antagonist for 5-HT2B/2CR (Figure
2C) also had no effect on the serotonin-stimulated PLC
activity except at the highest dose tested (1 �mol/L). BW
723C86,19 a specific 5-HT2BR agonist, did not stimulate
PLC activity even at 10 �mol/L (Figure 2D). None of the
antagonists had any effect on the basal level of PLC
activity (control). The data clearly demonstrated that
5-HT2AR played an exclusive role in mediating the sero-
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tonin-induced PLC activity whereas 5-HT2B/2CR did not
appear to be expressed in SAVICs.

We next investigated if 5-HT-induced active TGF-�1
activity could be inhibited by MDL 100907, a selective
5-HT2AR antagonist.13 In these studies, SAVICs were pre-
incubated with MDL 100907 for 30 minutes, then stimu-
lated by 5-HT for 72 hours. TGF-�1 activity was examined
using the PAI/luciferase assay. MDL 100907 significantly
inhibited the effects of 5-HT on active TGF-�1 activity in a
dose-dependent manner (Figure 3); a significant MDL
effect was even observed at the lowest dose (0.1 nmol/L)
used (P � 0.01). However, MDL 100907 had no signifi-
cant effect on total TGF-�1 activity (Figure 3B) although
an inhibitory trend was noted (Figure 3).

RT-PCR analysis demonstrated that 5-HT2AR was
present in normal SAVICs (Figure 4A). Comparison of the
partial sheep sequence (Figure 4B) obtained from the
cDNA fragment to the 5-HT2AR sequences for porcine
and human revealed a highly conserved DNA sequence
with 93% and 91% identity, respectively. However,
5-HT2BR was not detectable by PT-PCR in SAVICs using
our primers (see above, Materials and Methods) (Figure
4C). Overall, these data have demonstrated that 5-HT2AR
mRNA is expressed and is the major functional serotonin
receptor subtype in sheep cardiac valvular interstitial
cells.

Serotonin Stimulates Erk 1/2 Phosphorylation
Activity in SAVICs

Our study also demonstrated that serotonin increased
Erk 1/2 phosphorylation activity in AVICs. Serotonin stim-
ulated phosphorylated Erk 1/2 activity in a dose-depen-
dent manner, as detected by specific antibodies against
phosphorylated Erk 1/2 in the Western blot analysis (Fig-
ure 5A). Compared to the basal level expression of phos-
phorylated Erk 1/2 activity (control), 100 nmol/L or higher
concentrations of serotonin after 5 minutes of exposure to
SAVICs caused a notable increase in Erk 1/2 activity. The
kinetics of serotonin (10 �mol/L)-induced Erk 1/2 phos-
phorylation were rapid and transient (Figure 5B). The
activated Erk 1/2 reached a peak at 5 minutes and was
quickly reduced to basal level activity by 10 minutes.
Furthermore, mitogen- and extracellular- signal activated
protein kinase kinase (MEK) mediates the Erk 1/2 activa-
tion by serotonin, because the MEK inhibitors U0126 and
PD98059 completely inhibited the serotonin-stimulated
phosphorylation of Erk 1/2 (Figure 6).

However, MDL 100907 (a 5-HT2AR inhibitor) attenu-
ated the 5-HT induced Erk 1/2 activation, but only for
Erk-1 and at the highest doses used (Figure 6B). These
results suggest that stimulation of Erk 1/2 after 5-HT may
be because of activation of other 5-HT receptors and/or

Figure 1. Serotonin stimulates PLC activity in SAVICs. A: Serotonin stimulates
PLC activity in a dose-dependent manner, demonstrating significant increases
at doses of 1 �mol/L or greater. P � 0.01, analysis of variance. *, P � 0.01,
compared to control, Tukey-Kramer multiple comparisons test. B: Serotonin
stimulation of PLC activity in a time-dependent manner at each time point.
PLC activity stimulated by 10 �mol/L of serotonin (E) was compared to basal
level of PLC activity (control) at that time point (F). *, P � 0.01 versus
corresponding valve cells for controls, Student’s t-test. C: Serotonin-stimu-
lated PLC activity can be inhibited by PLC inhibitor. U73122 (PLC inhibitor)
significantly abolished the PLC activity stimulated by serotonin. *, P � 0.01,
compared to control, Tukey-Kramer multiple comparisons test. All above
results are shown as means � SE from triplicate assays, which are from at least
three independent experiments.
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multiple indirect effects rather than solely as a result of
5-HT2AR activation.

PKC Is Involved in Serotonin-Erk 1/2 Signaling
Pathway

G�q is coupled to PLC, and subsequently to protein
kinase C (PKC) activation.20–22 To study the role of PKC
in mediating the serotonin-Erk 1/2 signaling pathway
in SAVICs, GF109203X, a highly selective PKC inhibitor,
was added to SAVICs for half an hour before 5 minutes
of 10 �mol/L serotonin exposure. GF109203X attenuated
serotonin-stimulated Erk 1/2 activity (Figure 7A), suggest-
ing the involvement of PKC in the signaling pathway from
5-HT2AR to Erk 1/2 activation. To further investigate
the role of PLC/PKC in this signaling, the effect of over-
expression of G�q on Erk 1/2 phosphorylation activity
was determined by using an adenoviral vector construct
with constitutively active GTPase-deficient mutant G�q

(AdCMV-G�q). SAVICs were exposed to various concen-
trations [plaque forming units (PFU)] of AdCMV-G�q or
AdCMV-GFP (108 PFU) overnight. Compared to the effect
of AdCMV-GFP on Erk 1/2 activity (similar to the control

activity), AdCMV-G�q significantly increased Erk 1/2
phosphorylation at a dose of 105 PFU. This increase was
greater at a higher concentration of AdCMV-G�q (106

PFU), and reached a plateau thereafter (Figure 7B). The
data obtained with AdCMV-G�q provided further evi-
dence for the involvement of PKC in mediating Erk 1/2
activation in SAVICs.

Src Tyrosine Kinase Plays a Role in the
Serotonin-Erk 1/2 Signaling Pathway

In addition to PKC, Src/Src-like tyrosine kinase has also
been demonstrated to be involved in Erk 1/2 activa-
tion.23,24 Various concentrations of pyrazolopyrimidine
(PP1, an inhibitor of Src/Src-like tyrosine kinases) were
added to SAVICs for 30 minutes before an additional 10
�mol/L of serotonin exposure. This resulted in a dose-
dependent decrease in 5-HT-stimulated Erk 1/2 phos-
phorylation activity (Figure 8). Taken together, our results
demonstrated that both PKC and Src/Src-like tyrosine
kinase are involved in mediating the stimulatory effects of
serotonin on Erk 1/2 activity.

Figure 2. 5-HT2AR is the exclusive subtype in SAVICs based on studies with receptor subtype-selective antagonists/agonists, evaluated by PLC assays. A: A
5-HT2AR-selective antagonist MDL 100907 blocked serotonin-induced PLC activity in a dose-dependent manner. B: A 5-HT2CR-selective antagonist SB 242084 did
not inhibit serotonin-induced PLC activity. C: A 5-HT2B/2CR-selective antagonist SB 206553 did not inhibit serotonin-induced PLC activity. D: A 5-HT2BR-selective
agonist BW 723W86 did not significantly stimulate PLC activity. Results are shown as means � SE from triplicates, which are from three independent experiments.
P � 0.01, analysis of variance from all four figures. *, P � 0.01, significant from control; ˆ, P � 0.01, significant from 5-HT treatment alone, Tukey-Kramer multiple
comparisons test.
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Discussion

These studies have demonstrated that 5-HT2AR is the
major native functional 5-HT2R in SAVICs, and that these
cells are likely responsive to serotonin via a G�q-PLC-
PKC signal transduction pathway. Although the exact
sequence of signaling events in this pathway leading
ultimately to valve disease is unknown, another study by
our group has demonstrated that serotonin-induced
up-regulation of TGF-�, and a related increase in extra-

cellular matrix components (collagen and glycosamino-
glycans), may contribute to the mechanism of serotonin-
related heart valve disease.6 Our studies also showed
that the 5-HT2AR antagonist, MDL 100907, inhibited
TGF-�1 up-regulation. Thus, the present results strongly
support the view that 5-HT-induced heart valve disease
may occur via a pathway including the 5-HT2AR with
G-protein signal transduction leading to the up-regulation
of TGF-�1, as previously demonstrated,6 with hypothe-
sized associated pathophysiological effects on both cus-
pal cellular activity and the extracellular matrix.

Seven serotonin receptor subfamilies have been iden-
tified to date. The 5-HT2R subfamily is composed of three
members (5-HT2A/2B/2CR). Each of them is known to be
associated with G�q-PLC signal transduction.24,25 In
SAVICs, we have shown the consistent finding of seroto-
nin stimulation of PLC activity in a dose-dependent and
time-dependent manner (Figure 1, A and B). The 5-HT2R-
PLC coupling was also demonstrated because a PLC
inhibitor U73122 was observed to abolish serotonin-in-
duced PLC activity (Figure 1C).

The expression of the 5-HT2A/2BR has been demon-
strated by others in human aortic valve cells and porcine
aortic valve cells by real-time RT-PCR.7 Fitzgerald and
colleagues7 demonstrated in human and pig aortic valve
cells that there is a predominance of both 5-HT2A/2BRs,
with relatively little detectable 5-HT2CR. Furthermore,
Roth’s group21 demonstrated a comparable pharmaco-
logical response for the 5-HT2A and 5-HT2BRs for either
5-HT or phenfluoramine. However, it is recognized that
right-sided valve involvement predominates in patients

Figure 3. MDL 100970, a 5-HT2AR antagonist, inhibits 5-HT up-regulation of
TGF-� activity. 5-HT-induced active TGF-� activity, examined by PAI/lucif-
erase assays, was significantly inhibited by MDL 100970, a selective 5-HT2AR
antagonist. (**, P � 0.01, significant from 5-HT alone). MDL 100970 had no
significant dose-dependent effects on 5-HT-induced total TGF-� activity,
examined by PAI/luciferase assays.

Figure 4. The presence of mRNA expression of 5-HT2AR, but not 5-HT2BR, in
SAVICs, examined by RT-PCR. A: The indicated band (cDNA, marked by an
arrow) was the expected size of the 5-HT2AR by RT-PCR from SAVICs and
this cDNA was sequenced. The same expected band of the 5-HT2AR from
human AVICs cDNA was also observed and served as a positive control. PCR
reaction using the same reagents (but water instead of cDNA templates) did
not show any band and was used as a polyvinylidene difluoride control. B:
cDNA alignment of sheep, porcine, and human 5-HT2AR sequences. The
DNA sequences encoding the partial open reading frames of sheep, porcine,
and human 5-HT2ARs are compared. Nucleotides conserved among the three
species are highlighted. These results reveal �90% identity of this sheep
cDNA with the human and porcine 5-HT2AR. C: The indicated band (cDNA,
marked by an arrow) was the expected size of the 5-HT2BR by RT-PCR from
SAVICs and HAVICs using designed primers mentioned in Materials and
Methods. However, the expected band was only observed in HAVIC cDNA
but not in SAVIC cDNA.
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with the carcinoid syndrome.25,26 This is primarily be-
cause of the fact that excess serotonin is metabolized
to a great extent by pulmonary monoamine oxidase ac-
tivity, thus sparing left-sided valves from exposure to the
highest serotonin levels.25,26 However, left-sided valve
disease has been reported with combined use of seroto-
nergic drugs and monoamine oxidase inhibitors,25 and
left-sided valve disease requiring valve surgery has been
reported in patients with carcinoid syndrome.26 Thus in
view of the previous studies concerned with 5-HT2Rs and
previous clinical research on left-sided valve disease
related to serotonin effects,25,26 we elected to study
AVICs in these initial investigations. Further studies will
undertake a complete analysis of pulmonary and tricus-
pid valve cellular 5-HT responsiveness.

Our studies have used RT-PCR and 5-HT2R subtype-
selective antagonists/agonist studies to demonstrate that
5-HT2AR was the main functional serotonin receptor
present in terms of mRNA/protein levels in SAVICs (Fig-
ure 4, A and B, and Figure 2A). Furthermore, 5-HT-in-
duced active TGF-�1 activity was inhibited by MDL
100907, a selective 5-HT2AR antagonist (Figure 3A).
There is no evidence for the presence of functional
5-HT2B and/or 5-HT2CRs in these cells, because selective

antagonists for 5-HT2C and 5-HT2B/2CR did not inhibit
serotonin-induced PLC activity, and an agonist for
5-HT2BR also did not stimulate PLC activity (Figure 2; B,
C, and D). Given the fact that only mRNA expression of
5-HT2A/2B was demonstrated (associated with undetect-
able level of 5-HT2C) in human or porcine valve cells from
the previous studies,7 it is possible that activity of
5-HT2BR is minimal while 5-HT2BR mRNA may still be
expressed. In fact, we did not detect 5-HT2BR by RT-PCR
in SAVICs as well (Figure 4C). However, the presence of
5-HT2BR mRNA in SAVICs cannot be ruled out. Because
there are no available sheep 5-HT2BR sequences in Gen-
Bank, the primers designed for checking this receptor
subtype contained the consensus sequences from hu-
man, porcine, and mouse (positive control of 5-HT2BR
detected from HAVIC in Figure 4C). Thus, the polyvinyli-
dene difluoride results of our RT-PCR studies may be
because of relatively large variations in sequences
among the species for 5-HT2BR subtypes.

Serotonin has been shown to increase the production
of collagen in mesangial cells through the actions of
protein kinase C (PKC) and TGF-�1 via the G-protein-
PLC signaling pathway.27,28 5-HT2R signal transduction
has also been reported to regulate extracellular signal-

Figure 5. Serotonin stimulates phosphorylation activity of extracellular sig-
nal-regulated kinase 1/2 (Erk 1/2), evaluated by Western blot analysis. A:
Serotonin stimulated Erk 1/2 phosphorylation activity in a dose-dependent
manner. B: Serotonin stimulated Erk 1/2 phosphorylation activity in a rapid
and transient manner. Top: Blots were performed using a phospho-specific
Erk 1/2 antibody with arrows indicating phospho-specific Erk 1 (44 kd,
p-p44) and Erk 2 (42 kd, p-p42). Bottom: Blots were the stripped top blots
and reprobed with antibodies detecting nonphosphorylated Erk 1/2, as
labeled as p44/p42. They served as loading controls showing the equal
amount protein in each lane. A: Different concentrations of serotonin are
indicated on the top of the blot. B: Incubation time of SAVICs with 10 �mol/L
of serotonin are indicated in the middle of the figure, with control and 5-HT
labeled on the top of the blot in each time point. Data are representative of
three or more individual experiments.

Figure 6. Inhibition of Erk 1/2 phosphorylation activity (per Western blots)
by U0126, PD98059, and MDL 100907. A: Pretreatment with inhibitors of
MEK, U0126, and PD 98059, serotonin (10 �mol/L) stimulated phosphory-
lation activity of Erk 1/2 (p-p44/p-p42) is totally abolished, indicating the
involvement of MEK in serotonin-phospho Erk 1/2 pathway. Various treat-
ments are indicated on the top of the blot. Top bands are nonspecific bands,
serving as loading controls of protein in each lane. This is a representative
Western blot of three identical experiments. B: The 5-HT2AR antagonist (MDL
100907) attenuates the serotonin-induced phosphorylated Erk 1/2 activation.
Treatment of the SAVICs with 5-HT2AR antagonist, MDL 100907, attenuated
the serotonin-stimulated Erk 1/2 phosphorylation activity (p-p44/p-p42).
Treatments of the SAVICs with different doses of MDL 100907 are indicated
on the top of the Western blot. The bottom blots were the stripped top blots
and reprobed with antibodies detecting nonphosphorylated Erk 1/2, as
labeled as p44/p42. They served as loading controls. Results from triplicate
experiments with comparable results.
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regulated kinase 1/2 (Erk 1/2) activation in smooth mus-
cle cells, fibroblasts, and mesangial cells.27,29,30 Erk 1/2,
a mitogen-activated protein kinase (MAPK), is involved in
signal transduction from the cell surface to the nucleus.
Phosphorylated active Erk 1/2 has been demonstrated to
increase the production of extracellular matrix compo-
nents such as collagen in many cell types including
cardiomyocytes and fibroblasts.31–35 Thus, our study in-
vestigated whether Erk 1/2 can be activated by serotonin

in SAVIC cultures. The present studies demonstrated a
strong association of serotonin and Erk 1/2 phosphoryla-
tion in AVICs (Figure 5) using concentrations of 5-HT in
the same range demonstrated to stimulate a TGF-�1-
dependent increase in proline incorporation.16 The sero-
tonin-induced Erk 1/2 activation was dose-dependent
(Figure 5A) and transient (Figure 5B). These rapid and
transient signaling results are comparable to those ob-
served in other cell types.36,37 However, 5-HT-induced
TGF-�1 RNA synthesis in SAVICs occurs with 3 hours of
5-HT addition (Figure 3)6 and thus, could reflect the
cumulative effects of 5-HT � Erk 1/2 signaling. It was also
observed that increased serotonin-induced Erk 1/2 phos-
phorylation was only minimally decreased by the
5-HT2AR-specific antagonist MDL 100907 (Figure 6B) at
the relatively high concentrations of 100 nmol/L or more.
A limited effect was seen mostly on Erk1 phosphorylation.

Thus, it is likely that other 5-HT receptors are present
that are responsible for serotonin-induced Erk 1/2 phos-
phorylation. Although Erk 1/2 is well known for involve-
ment in mitogenic signaling,38,39 5-HT had no effects on
proliferation in the present studies. Nevertheless, there
have been investigations by others40,41 demonstrating
the involvement of Erk 1/2 in signaling pathways that did
not involve mitogenic activity.40,41 Thus, 5-HT could ac-
tivate multiple pathways in SAVICs, and those involving
either Erk 1/2 or TGF-� could be unrelated.

PKC was shown to be involved in mediating the sero-
tonin-induced Erk 1/2 activation based on two lines of
evidence: GF109203X, a PKC inhibitor, reduced Erk 1/2
activity induced by serotonin (Figure 7A); and constitu-
tively active, GTPase-deficient mutant G�q adenoviral
vector42 stimulated Erk 1/2 activity in SAVICs (Figure 7B).
In addition to PKC, Src or Src-like tyrosine kinase also
appeared to play an important role in the serotonin-me-
diated Erk 1/2 activation because the Src inhibitor PP143

reduced 5-HT-stimulated Erk 1/2 activity in a dose-de-
pendent manner (Figure 7). Whether this effect is related
to the association of PKC/Src complex44 or to a PKC-
independent signaling pathway involving Src45 in SAVICs
remains to be resolved.

The present data have a number of important implica-
tions. Because the abnormalities in the serotonin/seroto-
nergic system may play an important role in heart valve
disease, 5-HT2 serotonergic receptor blockers, such as
the selective 5-HT2AR antagonist, MDL 100907,13,16 may
eventually have therapeutic potential in the treatment of
heart valve diseases. Furthermore, numerous pharmaco-
logically relevant drugs could be screened in AVIC cul-
ture systems to determine the existence of potential stim-
ulatory effects on the 5-HT2AR-G�q-PLC pathway.

Conclusion

Our studies have functionally characterized the signal
transduction activity of AVICs in response to 5-HT reveal-
ing that the 5-HT2ARs are the most active of the 5-HT2Rs
in this cell type. Furthermore, the 5-HT2AR also appears
to be responsible for 5-HT-mediated increased TGF-�
activity in SAVICs that may contribute to progression of

Figure 7. Protein kinase C (PKC) is one of the components involving the
serotonin-phospho Erk 1/2 pathway in SAVICs, evaluated by Western blot
analysis. A: GF109203X, a PKC inhibitor, reduces serotonin-induced Erk 1/2
phosphorylation activity. Effect of GF109203X on the serotonin-induced Erk
1/2 phosphorylation (p-p44/p-p42) in SAVICs was determined. Treatments
are indicated at the top of the blot. This is a representative Western blot of
three identical experiments. B: Overexpression of activated G�q via trans-
duction of its cDNA with a replication-defective adenovirus results in increas-
ing of Erk 1/2 phosphorylation. Adenoviral constitutively active GTPase-
deficient mutant G�q (AdCMV-G�q) stimulates Erk 1/2 phosphorylation
activity (p-p44/p-p42) in a dose-dependent manner. AdCMV-Gq 105 PFU to
AdCMV-Gq 108 PFU are indicated at the top of the blot. Adenoviral GFP
(AdCMV-GFP 108 PFU) was used as a polyvinylidene difluoride control. This
is a representative Western blot of two identical experiments.

Figure 8. Src kinase inhibitor PP1 blocked serotonin-induced Erk 1/2 phos-
phorylation activity in SAVICs. The blocking effect of Src kinase inhibitor PP1
on serotonin-induced Erk 1/2 (p-p44/p-p42) was observed to be dose-
dependent. Different treatments are indicated on the top of the blot. Shown
are representative results from three identical experiments.
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5-HT-related heart valve disease. However, 5-HT also
mediated strong Erk 1/2 signaling via the MAP-kinase
pathway that was only in part because of 5-HT2AR activ-
ity. These results indicate major 5-HT Erk 1/2 signaling
beyond that mediated by 5-HT2Rs that must involve other
serotonin receptor types and/or secondary signaling
events.
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